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SUMMARY 

A broad program to reduce the energy consumption of the Unitary Plan Wind Tunnel 
was initiated in 1973. As a part of this program, a study was nade to determine if 
potential methods for increasing the operating efficiencies of the tunnel could be 
formulated. Ihe study was conducted by determining the performance characteristics 
of the drive system components and then analyzing the overall performance of the 
wind-tunnel system. 

With the current (1977-1980 operating procedures, the power input to the teet- 
section airflow is from 50 to 85 percent of the power input to the drive system. A 
major portion of the excess power is absorhd bx the drive system compressors which 
are operating in a bypass mode to match the test-section airflow requirements in the 
Mach number range from 1.46 to ?.OO. By late 1981, mechanical and control system 
improvements should allow the bypassing compressois to be operated at lower pressures 
if no adverse effects on main drive vibrations occur. 
the average energy requirements of the tunnel by as much as 10 percent. Additional 
small reductions in energy may be attainable by optimizing the compressor inlet 
guide-vane positions for both normal and bypass operation. 

mis  improvement could reduce 

The operating-pressure-ratio characteristics of the tunnel are high relative to 
what should be attainable with an efficient variatle-geometry diffuser system. These 
high pressure ratios are forced on the system by the airflow-matching characteristics 
of the test section and compressor system. Consequently, there is very little justi- 
fication for attempting to improve the performance of the existing diffuser system. 

INTRODUCTION 

The necessity since 1973 to minimize the use of energy in the United States has 
resulted in a cumber of studies at the Langley Research Center to determine nethods 
for achievinq this goal. These studies have included a reexamination of the opera- 
tion of research facilities which use large amounts of energy. One such facility is 
the Unitary Plan Wind Twinel (UPWT). Figure 1 summarizes the electrical energy used 
by the UPWT for the fiscal years of 1966-1980. Kilowatt hours (kWh) used per tunnel 
operating hour, kWh used per fiscal year, and the percentage of total Langley 
Reuearch Center electrical energy used by the UPWT are plotted as a fucction of fis- 
cal year. From 1975 to 1980, the tunnel used an average of about 23 million kwh per 
year ( 1  kWh = 3.6 MJ). This amount corresponds to aboiit 16 percent of the tctal 
usage by Langley. 

From 1974 through 1980, the unit cost of the electrical energy used by the major 
wind-tunnel facilities at hnqley increased at a rapid rate, reaching a level of 
$0.0538 per kWh in fiscal year 1980 (fig. 2) .  The total cost in 1980 of the energy 
for the U W  was $1.215 million (fig. 2) .  It should be noted that the unit power 
costs include a denand charge which is a fixed amount, independent of the total con- 
sumption for the year. The total facility power usage was below average in 1975 and 
1977. Hence, the unit costs for these 2 yesrs were unusually high, as can be noted 
by the deviations from the trend in figure 2. Fs a matter of general interest, the 
opersting hours per year for the UPWT are shown in figure 3. From 1977 through 1980, 
the tunnel averaged about 900 hour'n of operation per year. 



Since 1973 a number of approaches have been adopted to reduce the UPWT energy 
consumption. These approaches include minimization of the length of the test pro- 
grams, reduction of both the test Reynolds nmber and test-section stagnation tem- 
perature, installation of new tunnel equipment andzdata acquisition systems, and 
improved operational procedures. The energy savings which have resulted cannot be 
accurately judged from the energy consumed per operating hour (fig. 1) because the 
yearly variations in the program tesc requirements, such as Mach number and Reynolds 
number, affect the overall energy requirements. 

Early in 1977, a decision was made to reexamine the performance characteristics 
of the UEWT. The objective was to determine if potential methods for increasing the 
operating efficiencies of the drive and diffuser systems could be formulated. A 
thorough search of tunnel run logs and records was made, but none of the performance 
data taken when the tunnel was placed in operation in 1956 could be found. The only 
data uncovered were from a 1966 limited study of the performance of two of the UPWT 
compressors. These data were inadequate for the purposes of the proposed study. It 
was, therefore, necessary to obtain a new set of performance data before the desired 
analysis could be completed. 

The cbjective of this report is to document the measured performance charac- 
teristics of the UPWT at Mach numbers from 1.50 to 4.60 and the analysis which has 
been made of these results. The performance characteristics, including the energy 
requirements of each of the compressors and the combined system, are presented as 
functions of test-section Mach number and compressor-inlet corrected mass flow. The 
performance of the supersonic-subsonic, variable-geometry diffueer system is also 
discussed along with the associated airflow-matching characteristics of the test- 
section diffuser and the compressor drive system. 
analyses, comments are made regarding the potential for reducing the energy require- 
ments of the tunnel. 

Finally, on the basis of the above 
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SYMBOLS 

2 cross-sectional area, m 

effective aerodynamic flow cross-sectional area, m 

geometric cross-sectional area, m 

2 

2 

2 sonic flow area, m 

compression ratio, 

specific heat of air at constant pressure, J/kg-K 

constant in equation for calculating duct total pressure loss 

Mach number 

Reynolds number, per meter 

power, MW 

Pt 8d'Pt , i 



P static pressure, kPa 

stagnation pressure , kPa Pt 

stagnation pressure behind normal shock, kPa 

total pressure lass in c i  cting downstream of compressor discharge, kPa 

Pt,NS 

M t  

9 dynamic pressure, kPa 

€2 gas constant (for air, R = 287.05 J/kg-K) 

rpm revolutions per minute 

T static temperature, K 

TS test sect ion 

temperature rise through compressor, Tt,d - Ttei, K ATt 

UPWT Unitary Plan Wind Tunnel 

v velocity, m/sec 

W mass flow, kg/sec 
c 

mass flow corrected to standard conditions, kg/sec - w Je 
6 

Y specific heat ratio (for air, y = 1.4) 

& corrected pressure, Pt/101.32 kPa 

6* boundary-layer displacement thickness, cm 

rl compressor adiabatic efficiency, ,.ercent 

e corrected temperature , Tt/288. 2 K 

P density , kg/m3 
ct supersonic diffuser contraction ratio, A,&sM 

Subscripts : 

av average 

D duct 

d compressor discharge 

E compressor E 

i inlet 

mclX maximum 
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meas 

SM 

TS 

t 

1 

2 

3 

4 

measured 

second minimum 

test section 

stagnation 

first stage 

second stage 

third stage 

fourth stage 

DESCRIPTION OF TUNNEL 

The Langley gnitary Plan Wind Tunnel is a closed-circuit, variable-pressure 
facility with two variable Mach number test sections which are approximately 1.22 m 
in height and width and 2.13 m in length. 
sections are 1.46 to 2.80 and 2-30 to 4.63. 
shown in figure 4. 
of the tunnel. 

The Mach number ranges of the two test 
An exterior view of the facility is 

Figure 5 presents a schematic drawing of the primary components 

Reference 1 contains a detailed description of the various components of the 
tunnel, which is not repeated herein. m e  description and operation of the tunnel 
drive system and the supersonic-subsonic diffuser system are reviewed below because 
the performance of these two components is the main subject of the data analysis. 

The drive system (fig. 5)  consists of six centrifugal compressors identified by 
the letters I, C, 0, E, F, and G. Power is supplied by a 47.2-MW (63 333-hp) syn- 
chronous motor and a 14.9-Y: (20 000-hp) variable-speed motor which is also used as a 
starting motor. The combined overload one-half-hour rating of the two motors is 
74.6 MW (100 000 hp). The six compressors and the synchroncus motor are connected by 
one continuous shaft. This system has an overall length of about 36.58 m. Power 
from the variable-speed motor is transferred into the main drive shaft through a 
speed-increasing gear box. A photograph of the drive system is shown in figure 6. 
Compressor G is located at the right edge of the picture. 
is near the left edge. The compressors are standard commercial designs with the 
f o 1 lowing ratings : 

The variable-speed motor 
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C h a r a c t e r i s t i c  

~ Variable i n l e t  guide vanes .................. 

Design i n l e t  volume f l o w ,  m3/min ............ 
Design i n l e t  corrected mass f l o w ,  kg/sec .... 
Design i n l e t  temperature, K ................. 
Design pressure  ratio........................ 
Design e f f i c i ency ,  percent  .................. 
Design rpm .................................. 
Maximum i n l e t  absolu te  pressure,  kPa ........ 
Stages ...................................... 

Manufacturer ................................ 

8438 
163 
322 

1.95 
73 

3600 

276 

1 

Y e s  

Roots- 
Connersvi l le  
B l o w e r  Corp. 

Compressor 

I. F 

42 19 
81.6 
322 

1.95 
73 

3600 

2 0 7 ( I )  
3 1 0 ( F )  

1 

Y e s  

R o o t s -  
Connersvi l le  
B lower  Corp. 

G 

1699 

322 
32.8 

2.24 
80 

3600 

462 

3 

F i r s t  stage 
only 

Clark 
Bros .  Co. , 

I n c  . 
The compression ratio required to  operate t h e  tunnel  v a r i e s  from about 1.5 to  18 

as t h e  Mach number increases  from 1.46 t o  4.63. A t  t h e  lower Mach numbers, one stage 
of compression is s u f f i c i e n t  to  provide t h e  required pressure  ratio,  but t h r e e  com- 
pressors operat ing i n  parallel (I, C, and D) are required to  match t h e  tes t - sec t ion  
mass f l o w .  As Mach number increases ,  second, t h i r d ,  and four th  stages of compression 
are added t o  provide t h e  necessary opera t ing  pressure  ratios. A t  Mach numbers of 
3.96 and higher, only two f i r s t - s t a g e  compressors, C and D, are required t o  match t h e  
tes t - sec t ion  mass f l o w .  The following table summarizes t h e  compressor opera t ing  
sequences: 

The flow paths  through t h e  tunnel  p ip ing  f o r  t h e  var ious opera t ing  modes are 
shown by arrows and shading i n  f i g u r e  7.  Remotely operated valves  c o n t r o l  t hese  f l o w  
paths .  Aftercoolers awe provided f o r  each compressor. Note t h a t  a precooler is 
i n s t a l l e d  ahead of t h e  f i r s t  s tage.  

The s i x  compressors always operate a t  3600 rpm and always remain connected t o  
the  common d r ive  s h a f t  even though one or more of t h e  u n i t s  are not being used t o  
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provide the operating preqsure ratios. 
bypass mode. Valves are dsed to provide an isolated, closed-loop airflow circiiit for 
each bypassing compressor. 
compressors to operate in a normal, metalled manner. When the tunnel was first 
placed in operation, the discharge pressure of each bypassing compressor waa main- 
tained at a subatmospheric level to minimize the power required by these units. 
However, it was soon noted that the main drive periodically had severe vibration 
problems, and that these vibrations could be reduced by loading the bypassing com- 
pressors (increasing the stagnation pressures). 

Each of the unused compressors operates in a 

These isolated flow circuits are necessary to allow the 

At the time of the present study, the discharge loops of E, F, and G were always 
vented to atmospheric pressure when operating on bypass. The discharge loop of I was 
alwclys vented to the discharge ducting of C and D. Note in the previous table that C 
and D never operate in the bypass mode. 

As previously noted, all the compressors have remotely controlled, variable- 
position inlet guide vanes. These vanes are kept in the 100-percent-open position 
when processing the test-section airflow and in a 40-percent-open position during the 
bypass mode of operation. 

The plan-view geometries of the two supersonic-subsonic, variable-geometry, 
remotely controlled diffuser systems are shown in figure 8. The height of each see- 
tion is 1.22 m. The diffusers of test sections 1 and 2 can be contracted to geomet- 
ric flow areas of 0.557 m and 0.372 m , respectively. Based on a 1.22- square test 
section, the corresponding maximum contraction ratios of the diffusers are 2.67 and 
4.0, respectively. The operating contraction ratios vary with test-section Mach 
number . 

2 2 

DATA ACQUISITION AND REDUCTION 

Ger.era1 

The performance characteristics of the UPWT drive system were determined by 
measuring the inlet and discharge static pressures and total temperatures of each 
compressor, the electrical energy input to the drive system, and the associated test- 
section conditions. These data were then reduced to the desired form for analysis. 
The details of the entire acquisition and reduction process are discussed in the 
remainder of this section. 

Data Acquisition 

"est-section conditions.- All the data were obtained at a test-section Reynolds 
number of 4.92 x 106 per meter. This Reynolds number, althouqh lower than the 
nominal operating Reynolds number of 6.56 x lo6, was selected to permit a single 
range of pressure instrumentation to be used through the test range of Mach numbers. 
The stagnation temperature was 338.9 K for Mach numbers from 1.50 to 3.70 and 352.8 K 
for Mach numbers from 3.85 to 4.60. 
to 187.1 kPa as the Mach number increased from 1.50 to 4.60. The test-section stag- 
nation pressures are given as a function of Mach number in table I. 

The stagnation pressures varied from 39.98 kPa 

*reseors.- The inle and discharge static pressures and total temperatures 
were recorded from instrumentation installed during construction of the tunnel to 
measure compressor performance during acceptance tests. Typical installat?ws of the 
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inst rumentat ion are shown i n  f i g u r e  9. Generally,  t h e  da ta  presented in t h e  report 
were obtained by averaging four  ind iv idua l  readings.  
obtained from a manifold tube connected to t h e  fou r  static o r i f i c e s .  The averaged 
static pressure data f o r  t h e  bypassing compressors are presented i n  t a b l e  If .  The 
measured pressure da ta  f o r  t h e  compressors processing t h e  t e s t - sec t ion  mass flow were 
corrected to  s tagnat ion  condi t ions ,  and these  corrected va lues  are presented i n  
table I. The method of cortection is descr ibed i n  a fol lowiag sect ion.  31 t h e  
averaged temperature da t a  are presented in table 111. Since t h e  averaged pressure  
and temperature data f o r  cougxessors C and D were e s s e n t i a l l y  t h e  same, t h e  measure- 
ments f o r  D are not  presented. 

Some of t h e  pressure  data were 

Drive motors.- The energy input  i n t o  t h e  main d r ive  aotor system w a s  genera l ly  
read from two meters loca ted  on the tunnel  con t ro l  panel. These meters were s m a l l ,  
and t h e  reading accuracy w a s  about f1.0 MW. More accura te  meters (f0.1 MW) were 
i n s t a l l e d  on t h e  motors f o r  t h e  tests conducted t o  determine t h e  energy consumed by 
t h e  bypassing compressors. 

Data Fteduction 

Compressor mass flaw.- The compressor 
determined by c a l c u l a t i n g  t h e  flow through 
equation: 

mass f l o w  ( i n  kilograms per second) was 
t h e  test  sec t ion  us ing  t h e  following 

w =  TS 

This equation is derived i n  t h e  appendix. 
kg-K1i2/N-sec. The ca l cu la t ions  are based 
flaw area. This e f f e c t i v e  area c o n s i s t s  of 

The cons tan t  40.41 has  u n i t s  of 
on t h e  t e s t - sec t ion  e f f e c t i v e  aerodynamic 

2 t h e  geometric area (1.486 m2 and 1.579 m 
f o r  test sec t ions  1 and 2, r e spec t ive ly )  minus a co r rec t ion  for the  t e s t - sec t ion  
boundary-layer displacement thickness .  Presented i n  f i g u r e  10 is t h e  v a r i a t i o n  of  
e f f e c t i v e  area with Mach number as determined from t h e  measured displacement th i ck -  
ness  shown i n  f i g u r e  11. 

2 It should be noted t h a t  t h e  geometric area of 1.579 m f o r  test sec t ion  2 i 3  

s l i g h t l y  i n  e r ro r .  On t h e  basis of data presented i n  re ference  1, t h i s  value i s  too 
small by amounts varying from 1.9 percent  a t  M = 2.30 t o  1.5 percent  a t  M = 4.60. 
The e r r o r  is  p a r t i a l l y  due t o  t h e  f a c t  t h a t  t h e  geometric area of test sec t ion  2 
changes s l i g h t l y  with Mach number. This condi t ion does not  e x i s t  i n  test sec t ion  1. 
Errors  of s m a l l  magnitude have no impact on t h e  s ign i f i cance  of t h e  da te  and 
have, therefore ,  no t  been corrected. 

The absolu te  t e s t - sec t ion  mass f low q n a n t i t i e s  are p l o t t e d  as a funct ion of Mach 
number i n  f i g u r e  12 f o r  t h e  s tagnat ion  pressure condi t ions  l i s t e d  i n  table I. These 
mass flows decreaae with Mach number, even though the  s tagnat ion  pressure is increas-  
ing,  because of t h e  decreasing s i z e  of t h e  nozzle th roa t .  The s l i g h t  d i scon t inu i ty  
of t h e  curves a t  M = 3.8 is clue to  the  increase  i n  s tagnat ion  temperature a t  which 
t h e  tunnel  is normally operated a t  t h e  higher speeds. 
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For a l l  opera t ing  modes except 2-1V, t h e  f i r s t  stage of compression is accom- 
pl i shed  by colapressors C, D, and I ( f ig .  7 )  cpe ra t ing  i n  p a r a l l e l .  The mass flow 
s p l i t  between t h e  t h r e e  compressors w a s  no t  measured. 
and D is supposedly t w i c e  t h e  mass flow of I. However, t h e  a n a l y s i s  of t h e  measured 
data from compressors E ( i d e n t i c a l  t o  C and D) and F ( i d e n t i c a l  to I) ind ica t ed  t h a t  
a t  a given pressure  ra t io  t h e  mass flow through I w a s  about 0.69 of t h e  mass flow 
through C o r  D. The f i r s t - s t a g e  mass flow s p l i t  w a s ,  t he re fo re ,  assumed to  be 

The design mass flow of C 

Compre s s o r  

I 
C t  D 
E 
F 
G 

C 37 percent  
D 37 percent  
I 26 percent  

I 
Duct area, 

m 

I n l e t  side Discharge s idu  

2 

2.61 1.14 
3.54 1.56 
3.56 1.56 
2.58 1.15 
92 .30 

During mode 2-IV operat ion,  compressor I operates i n  t h e  bypass mode, and the f i r s t -  
s t age  mass flow w a s  assumed t o  be equal ly  divided between compressors C and D. 

Compressor s tagnat ion  pressures.-  As previously mentioned, only static pressures  
were measured a t  the  i n l e t s  and e x i t s  of t h e  var ious  compressors. For t h e  compres- 
sors which were processing t h e  t e s t - sec t ion  a i r f low,  these  s ta t ic  pressures could be 
corrected to  t h e  s tagnat ion  pressures  because t h e  compressor mass flows were known. 
These co r rec t ions  were made by use of t h e  following modified form of t h e  basic mass 
flow e a t i o n  derived i n  the  appendix. The u n i t s  of t h e  cons tan t  40.41 are 
kg-K 1 /s" /N-sec. 

The q J a n t i t i e s  on  t h e  l e f t  s i d e  of t h e  equation are a l l  known, and thcae on t h e  r i g h t  
side are a funct ion only of t h e  local duct Mach number. Figure 13 shows t h i s  rela- 
t ionship .  Obviocsly, if t h e  duct Mach number can be determined, t h e  s ta t ic  pressures  
can  be corrected to to ta l  va lues  assmi.: 7 t h a t  uniform flow e x i s t s  across  t h e  duc t  
and t h e  e f f e c t s  of t h e  boundary-layer displacement th ickness  are negl ig ib le .  As a 
matter of general  i n t e r e s t ,  t h e  local duct Mach numbers var ied  from about 0.05 t o  
0.31. The highes t  Mach numbers occurred i n  t h e  discharge duct  of compressor G. The 
duct areas used i n  t h e  above equat ion w e r e  measured a: each pressure measut2ement 
loca t ion  and are as follows: 
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Compressor power.- The power, in megawetts, which each compressor delivered to 
the tunnel airflow was calcalated from the following equation: 

- 
P = 10 6 ~ 1 -  AT 

P 

'o-6wicp(Tt,d - Tt,i)meas 
Compressor efficiency.- The compressor efficiency n was defined : follow , 

x 100 Ideal power input 
Measured power input n =  

x 100 - - ATt,ideal 
ATt ,meas 

0.286 

= -  x 100 
(Tt,d - Tt,i)meas 

PRESENTATION AND DISCUSSION OF RESULTS 

Drive Systen and Performznce 

Individual 8or performance.- The measuied and calcul ted data for com- 
presscrs I, C, E, F, and G are plotted i n  figure 14. No data are presented for c o b  
pressor D since its measured performance was essentially the same as that of C.  The 
corrected mass flow, compression ratio, temperature rise acI3ss the compressor, effi- 
ciency? and calculated power input to the airstream are plotted ae A function of the 
test-section Mach number. The mass flows are prefiented in a standard form (corrected 
mass flaw), which is often used for presenting compressor performance. In this form, 
the inlet mass flow is independent of its absoiute pressure and temperature levels. 
The elongated diamond symbols denote data fox bypass operating conditions. As pre- 
viously mentioned, mass flow through the lqpassing compressors was not measured. 
Lack of this information prohibited the Girect calculation of the power input to the 
bypass airstreams. 

The basic dita as prespr.led ir. figure 1.1 give a general picture of how each 
compressor operates over tire entjre Mach number range. As discussed later, at each 
Mach number the operating condi'cions of each compressor are established by its inter- 
action with the other compresaors processing the test-section mass flow, by the quan- 
tity of the test-section mays flow, and by the performance of the supersonic-subsonic 
diffuser system. This process is generally identified as the mass-flow-matching 
process which automatically occurs between the test-section diffuser system and the 

9 



compre8s.m system. The d i s c o n t i n u i t i e s  i n  opera t ing  conditions which occur a t  t h e  
mode changes are caused by t hese  matching requirements. These d i s c o n t i n u i t i e s  are 
most not iceable  i n  t h e  compression ratio and e f f i c i e n c y  parameters. 

It is i n t r r e s t i n g  t o  note  i n  f i g u r e  14 t h a t  t h e  temperature rise across each 
compressor processing t h e  tes t - sec t ion  mass flow is r e l a t i v e l y  constant over t h e  Mach 
number range, even though some of t t ?  compression ratios vary by large amounts. When 
t h e  compression r a t i o s  are l o w ,  t h e  e f f i c i e n c i e s  are also l o w ,  t hus  keeping the tem- 
pera ture  rise high. Since t h e  temperature-rise values  are r e l a t i v e l y  constant ,  t h e  
c a l c u l a t e d  p e r  requirements are primari ly  a funct ion of t h e  absolute tes t - sec t ion  
mass flow and, t he re fo re ,  decrease as the Mach number increases .  The corrected mass 
flow of compressor C is higher  during node 2-IV operat ion than during mode 2-111 
operat ion because compressor I, one of t h e  first-stage compressors, has been s h i f t e d  
t o  t h e  bypass operat ing mode. 

The bypassing compressors operate with t h e  i n l e t  guide me8 a t  a 40-percent- 
open, ins tead  of a 100-percent-open, pos i t ion .  Hence, t h e  performance charac te r i s -  
tics would be expected t o  be d i f f e r e n t .  The magnitude of change of t h e s e  charac- 
ter is t ics  v a r i e s  by s i g n i f i c a n t  amounts among t h e  compressors. The reasons f o r  t hese  
d i f fe rences  are not known. 

The compression ra t io  and e f f i c i e n c y  characteristics of compressors E, F, and G 
are p l o t t e d  i n  f i g u r e  15 as a funct ion of t h e  i n l e t  corrected  mas^ flow. As pre- 
viously mentioned, when compressors E, F, and G are required i n  t h e  system, each of 
these c-..;?ressors processes a l l  t h e  tes t - sec t ion  mass flow. The guide vanes were i n  
t h e  100-percent-open p o s i t i o n  f o r  -11 these data. The p l u s  symbols mark t h e  design 
point  for each compressor. For compressors E and F, t h e  data  obtained from t h e  
var ious opera t ing  modes are i n  good agreement. Compressor G appears to  be opera t ing  
i n  a choked mode except f o r  t h e  2.19 pressure  ratio poin t  (MTS = 4.60). 
t h e  manufacturer's s p e c i f i c a t i o n s ,  compressors E and F should have i d e n t i c a l  perfor- 
mances except tha t  t h e  cor iec ted  mass flaw of E should be t w i c e  t ha t  of P %th t h e  
compressors exceeded t h e  desigr. pressure ra t io  of 1.95. Compressor F s t o  have 
a peak compression ratio which is somewhat higher  than t h a t  of E. The - ef f ic ien-  
cies both reach the  design value of 0.73 but not  necessar i ly  a t  t h e  t , s ian  point .  
The mass flow c a p a c i t i e s  of E and F do not appear Zo be d i f f e r e n t  by a factor of 2. 
The dashed curves i n  f i g u r e  15 were obtained by dupl ica t ing  t h e  shape of the compres- 
sor E curves by reducing by 31 percent  t h e  compressor E mass f l o w  values  a t  given 
levels of compression ra t io  and ef f ic iency .  The good itqreement between the dashed 
curves and t h e  compressor F data  i n d i c a t e s  t h a t  the cor rec ted  mass fir.; rxpr-city of 
t h e  F machine is about 69 percent  of t h e  E machine. It w a s  on t h e  7,:. ' t h i s  plot 
t h a t  t h e  mas3 flow through compressors I, C, and D w a s  assumed t o  bc : 1. r cen t ,  
37 percent ,  and 37 percent,  respec t ive ly ,  of t h e  t e s t - s e c t i o n  mass f L . .  I ienever t h e  
th ree  machines were operat ing i n  parellel. 

According t o  

Using t h e  above assumed mass flow proport ions,  t h e  measurzd performance of mm- 
pressors  I and C is shown i n  f i g u r e  16 as 9 funct ion of t h e  i n l e t  2orrected mass 
€low. The long-dashed curves i n  f i g u r e  16 a t -  t h e  f a i r e d  data f o r  ccmpressors F 
and E from f i g u r e  15. Compressors C and E, and I and F are two sets of i d e n t i c a l  
machines. Hence, one would expect t h e  data presented i n  f i g u r e s  15 and 16 t o  be i n  
good agreement. The data  i n  f i g u r e  16 v e r i f y  t ha t  t h e  agreement is good, although it 
appears t h a t  t h e  average mass flow agreement wocld have been better i f  the assumed 
mass flow f o r  compressor I had been 25 percent  of t h e  total  f i r s t - s t a g e  mass flow. 
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It should be mentioned that the range of measured msn flow data for each com- 
pressor presented in figures 15 and 16 does nat define the lower stable (stall-free! 
operating limit of any of the compressors. 
ranges as determined by the mLch points of the test-section and compressor system 
mass flows. It appears from ti:? shapes of the curves that the maximum flow values 
are fairly well defined, but there is no indication of what the minimum values for 
stable flow might be. 

Zhese data merely represent the operating 

The measured performances of compressors C, E, and G are compare8 with the manu- 
facturers' specification performances in figure 17. The plus symbols indicate the 
design points. The original specification plots show performance curves for several 
inlet guide-vane positions, but the specific guidevane psition for each curve was 
not given by the manufacturers. It appears that the specification mass flow charac- 
teristics differ siqnificaritly from the measured results. If the specification 
curves indicate the correct trends, the mininum stable values may be significantly 
less than those indicated by the dat. in figures 15 and 16. 

In the mid-1960'8, a brief unpub?ished study was made of the effects of the 
inlet guide-vane position on the performance of compressor F during mode 2-111 opera- 
tion. 
poeition. The data w w e  obtained at stagnation pressures which varied from 110.3 kPa 
'LO 172.4 kPa and at a stagnati.on temperature of 338.9 K. Compression ratio, 
temperature-rise, and efficiency parameters from these tests are plotted as a func- 
tion of the corrected mass flow in figure 18. This set of data i s  faired with short- 
\.ashed lines. The solid line is the fairing of the data presented in figrlre 15. The 
two sets of data for the 100-percent-open guide-vane position are in fairly good 
agreement. Varying the guide-vane position has a relatively small effect on compres- 
sion ratio in comparison with what might have been expeqted from the rm?ofined speci- 
fication data shown for compressor E in figure 17(a). The effect becomes smaller as 
the mass flow decreases. Only mall effects are indicated in efficiency arid tempera- 
ture-rise parameters. Reducing the guide-vane psition from the 100-percent-open to 
the 6P-percent-open setting reduces the temperature rise across the ccrmpressor by 
about 10 percent. 

The guide-vane positicns were varied from 100 to 60 percent of the fully open 

Overall drive-system performance. - The incremental and overall compression- 
ratio performance of the compressor system is shown in figure 19. Inlet total pres- 
sures to each stage . f  compression and the test-section total pressures, all refer- 
enced to the first- .age inlet total pressure, are plotted as a function of Mach 
nw3er. 
tat2.m. With the exception of the second stage of compression for mode 2-111 (Mach 
numbers from 3.0 to 3.70) , cAiLy thc pressure ratic of the laP+. stage of compression 
varies significantly as a funistior, of Mach number. Each stage has a maximm pressure 
ratio of about 2. At M = 4.60, the overall compression ratio reaches a maximum 
value of 17.2. 

Mode 1-11 data have been omitted from this plot to simplify the data presen- 

In figure 20, the overall compression ratio 
cion of the total corrected mass flow entering the first-stage compressors. This 
form of presentation is used later to discuss the mess flow matching of the co&r?s- 
sor system and the test-eection diffuser system. It is again ev;dent in this fiqure 
that during mode 2-IV operation, compressor G is operatipg in a choked mode (constant 
value of inlet mass flaw) except at the maximum compression ratio point, which occurs 
at M = 2 6 0 .  This choked cor.dition forces all the other compressors to operate at 
constant conditions from M = 3.05 to 4.45 a d  provides an opportunity to check the 
repeatability of the data presented in thio report. These data are tabulated below 
and show chat the repeatability is very good. 

pt,TS/pt,i,l is plotted as a func- 
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After t h e  air has h e n  discharged from each cOOIpressor, it e n t e r s  a d i f f u s e r  
which decelerates t%e a i r f low ve loc i ty  prior t o  its e n t r y  i n t c  a cooler, followed by 
t h e  ducting which leads either to  t h e  next  stage of  compression or t o  a test sect ion.  
The schematic 5rawings i n  f i g u r e  7 i l l u s t r a t e  t h e s e  components and Plow paths.  
to ta l  pressure losses which occur as t h e  air passes through tbse  conponents are 
shown i n  figure 21. In t h i s  f i gu re ,  t h e  i n l e t  and e x i t  total pressures  f w  each 
stage of Laxpression, referenced to the t e s t - sec t ion  total pressure,  art plotted as a 
f u n e t i o i  of t h e  tes t - sec t ion  m c h  number. 
sentei! i n  t h e  f i g u r e  to  s impl i fy  the  data presentat ion.  
of trkal pressure occurs between t h e  e x i t  of each compressor and t h e  i n l e t  to t h e  
s u c z e d i n g  stage. Likewise, a pressure loss occurs between t h e  e x i t  from t h e  las t  
stage and t h e  test sect ion.  A t  M = 3.85 t h i s  loss is largest, equil t o  about 3.7 
percent  of the  tes t - sec t ion  to ta l  pressure.  
e n t  i n  figure 21, t hese  losses are largest a t  t h e  lowest Mach number of each 0-pera- 
t i o n a l  mode and decrease as t h e  Mach nmber  i n  each node iricreases. 

The 

Data f o r  mode 1-11 opera t ion  arc n o t  pre-  
A s m a l l  but c o n s i s t e c t  loss 

Although t h e  t r end  is n o t  always appar- 

I 
Compressor C ) G U I & J A t S a r j ;  v CYmp-99or F 

"t 
I 

CR Tt,i 

-- 
.- - - ATt 

6i * t r i  

- - -  
6 '  
i 

kg/sec kg/sec kg/sec 

CR T 
hTt 
T 
t,i CR 

pt,TS, 
kPa 

&i 

131.1 144 2.00 0.336 151 1-99 0.325 77.1 2.11 0.324 
141-3 144 1-99 .344 1 1st 1.99 -324 77.6 2 -11  0324 
15201 145 1.99 -344 753 1.99 -326 78.0 2.11 0326 
163.0 144 1.99 -337 151 1-98 -326 7706 2-10 a326 
175.0 144 ' 2.00 1 .?aQ 152 1.99 .324 7706 2-10 .325 
187.1 139 1.99 -343 147 2.01 ,320 73.9 2.10 -320 

' 
L 1 

For a given duct system, t h e  above losses are a func t ion  of  t h e  flow dynamic 
pressure through t h e  components and should, therefore ,  be a funct ion  of t h e  Mach 
number a t  the compressor e x i t  E e a s u i n g  s t a t ion .  
s u r e  loss, 4,, can be expressed as 

In equat ion form, t h e  total pres- 

4t 1 2 

Pt,d = ($)d 

where P. includes t h e  loss c o e f f i c i e n t  of each duct  system. This equation is, of 
course,  a very elementary, f i r s t - o r d e r  representa t ion  of t h e  - c t u a l  pressure- loss  
phenomena. 

A l l  t h e  ducting loss data are presented i n  f i g u r e  22. 
through each sec t inn  of duct ing divided by t h e  total  pressure  of  t h e  a i r  en te r ing  t h e  
duct is p lo t t ed  as a funct ion of t h e  corrected mass flaw per  u n i t  area a t  t h e  duct 
measuring s t a t ion .  
charge m c h  number, as is shown i n  f i g u r e  22(a) .  %e l o s s e s  which occur between t h e  
discharge from the  l a s t  stage of compression and t h e  t cs t  sec t ion  are plot.ted i n  

The to ta l  pressure loss 

This flow parameter is a unique func t ion  of t h e  compressor dis- 
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figure 22(b). Dashed curves indicate the loss values for A = 0.5 and 1.0. AI1 the 
data correlate surprisingly well except those for the mode 1-11 operation. 
losses during this mode of operation may originate from the dump-turn of the ducting 
which occurs downstream of valve V I X I  (fig. 7(b) 1. Note that the average K value 
for each operating mode ia tabulated with the crymbol definition. 

The extra 

m e  interstag@ ductiag losses arts shown in figure 22(c). Each set of ducting 
has its own, reasonably consistent, value of K. Ihe campressor<-to-E interst.agg 
ducting exhibits a lower average value of K during mode 2-IV operation than during 
the other modes. ais reduction of losses may occur k a u s e  there is no airflow from 
compressor I being discharged into the ducting downstream of cooler 1 at 900 to the 
airflow from compressors C and D. 

Electrical energy requirements.- The measured power input to the main drive 
motor system is indicated by the plotted data in figure 23. It should be noted that 
the electrical meter hookup is such that approximately 2 MW of indicated energy is 
consumed by some of the tunnel auxiliary systems. The power level varies from about 
14 to 22 MW. At each mode change, a discontinuous increase in the .power consumption 
occurs as another stage of compression is required to drive the test-sect.ion airflow. 
The calculated energy from figure 14, which each stage of ccmpyession inputs to the 
test-section airstream, is also shown in figure 23 by the shaded areas. Note that at 
a given Mach number, each stage of compression adds an approximately equal amount of 
energy to the test-section airstream. 
rise through all the compressors is about equal and independent of Mach number. The 
energy consumption of each stage decreases with increasing Mach number because the 
absolute mass flaw of air through the test section is decreasing (fig. 12). 

This would be expected sinc3 the temperature 

As would be expected, the measured energy input into the drive system is always 
larger than the energy input into the test-section airflow. 
Mach numbers, the differences are very large. m r  example, during mode 1-IA opera- 
tion, the energy input to the drive system is from 75 to 100 percent larger ,lean the 
input to the test-section airflow. AS additional stages are added to provide the 
required coiapression ratio, the differences between the measured and calculated power 
levels gradually decrease. During mode 2-IV operation, the difference between the 
two energy quantities decreases to 15 percent. It is obvious that most of this 
energy difference must be absorbed by the bypaesing compressors. Unfortunately, no 
instrumentation was available for the measurement of the bypass mass flaws. Oonse- 
quently, the energy absorption by these compressors could not be directly calculated. 

However, at the lower 

It was decided to attempt to determine the bypass power requirements by an 
indirect experimental method. 
section conditions, the variation in the total energy input to the drive system was 
measured as the discharge pressure from one bypassing compressov or a combination of 
bypassing compressors was varied from atmospheric to a near vacuum pressure. 
extraplating these variations of total power input to zero discharge pressure, it 
was possible to establish increments of bypass energy requirements as a function of 
the discharge pressure from each bypassing compressor. The data obtained for indi- 
vidual compressors and combinations of compressors are plotted in figures 24 and 25, 
respectively. 
research testing operations. In figure 24, the various symbols differentiate the 
sets of date obtained for the same compressor from separate runs. It is apparent 
that the scatter of the data for each compressor necessitated the use of several sets 
of data to obtain a reasonably accurate estimate of the bypass power requirements. 
With an atmospheric discharge pressure, the power requirements for compressors E, F, 
and G were 4.0, 2.75, and 1.0 MW, respectively. The power requirements appear to 

With the tunnel operating at a fixed set of test- 

By 

The data were obtained over a period of time as a part of normal 
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vary linearly with the discharge pressure. 
sure ratio of about 2 (fig. 141, indicating that large pressure losses occur some- 
where in each bypass circuit. 

All the compressors operate with a pres- 

In figure 25, the data pints indicate the aeasured power requirements when the 
discharge pressures --re varied s5multaneously in several combinations of bypassing 
compressor&. The lines represent the power requirements which would be predicted by 
sumu.hg the requirements for each compressor from figure 24. The relatively Qocd 
agreement beween the measured and predicted performances provides further assurance 
of the accuracy of the data shown in figure 24. 

Using the information presented in figure 24# it is now possible to detzdne 
approximate values of the energy which would have to be input to the main drive sys- 
tem if all bypass power requirements could be eliminated from the data presented in 
figure 23. The results are shown in fiqure 26. Ebr operating modes 1-XA, 1-XI, and 
2-111 most of the difference between the measured energy input to the main drive 
system and the calculated input to the test-section airflow is due, as expected, to 
the energy absorkd by the bypassing compressors. It would be expected that the 
increment between the calculated energy inputs to the airflow, and the measured 
energy inputs minus the bypass energy values (solid symbols) would he about constant 
across the Mach number range, since this increment represents primarily the ineffi- 
ciency of converting electrical energy into mchanical energy and the power going to 
tunnel auxiliary systems. The reasons for the occurrence of a smaller increment 
during mode 1-IA operation are not understood. 

It should be noted that an auxiliary vacum system to facilitate pressure con- 
trol in the bypassing compressor loops was included in the fiscal year 1979 facility 
rehabilitation program and should be operational by late 1981. Inclusion of this 
system will allow continuous operation of the bypassing compressors at a discharge 
pressure of about 34 kPa ( 1/3 atm) or less (if main drive vibrations are not encoun- 
tered), and electrical requirzments of the facility could be reduced as much as 
10 percent. 

Diffuser System Performance 

General.- An analysis of the diffuser system performance is desirable because of 
its possible impact on the maximuxn Mach number capabilities and energy requirements 
of the facility. Two primary performance considerations are the maximum performance 
potential of the system and the actual performance as dictated by the mass-flow- 
aatching characteristics of the compressor and the test-section diffuser system. 
Both these subjects are discussed in detail in references 2 to 5. 

Wind-tunnel diffuser performance is generaliy measured as the ratio of the total 
pressure at the end of the diffuser to the test-section total pressure. During the 
present study, pressures were not measured at the end of the diffuser. It is, there- 
fore, necessary to assume in the following discussion that the total pressure at the 
inlet to the first stage of compression is equal to the diffuser exit total pressure. 
With this assumption, the diffuser pressure recovery is equal to 
reciprocal of the overall compression ratio. 

pt,i,l/pt,TS, the 

Schematic drawings of the variable-geometry systems which follow both test aec- 
tions are shown in figure 8. The two systems are very similar. Since test section 2 
covers a major portion of the total Mach number range of the tunnel, only the perfor- 
mance of this diffuser system will be discuesed. 
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Maximum performance potential.- m e  primary parameter which determines the maxi- 
mum performance of a variable-geometry diffuser system, assuning there are no other 
limiting conditions, is the contraction of the second-minimum flow area relative to 
the test-section area, STs/AsM. 
number at which the diffuser normal shock system may occur becomes smaller, and the 
maximum attainable recovery becomes larger. In figure 27, the normal operating half- 
widths of the second minimum are plotted as a function of Mach number. Niese values 
bave been selected over the years on the hasia of extensive operational experience. 

As this parameter becomes 1iarge1, the minimum Xach 

The average contraction ratios of the second minimurn, based on the faired curve 
from figure 27 and a test-section reference area of 1.579 m2, are shown by the solid 
line in figure 28. The ratio varies from about 1.16 to 1.47 over the Mach number 
range fron 2.30 to 4.60. As indicated by the discussion which follows8 thnse con- 
traction ratios are small  ,a a system which has the capability for changing the 
contraction ratio after the test-section flow has been started. Fteferences 5 and 6 
contain data describing the maximum contraction ratios which have been obtained in 
other small research tunnels. m e  long-dashed curve represents one such set of data 
from reference 6. These data were obtained from a model tunnel which contained a 
representative model support system with support sting and body of revolution posi- 
tioned at 15O angle of attack. mom a practical operational viewpoint, the UPWT 
diffuser would not be expected to operate at values near these maximm levels because 
o f  the danger of damaging a model or force balance if the diffuser and test section 
should unexpectedly unstart. Ihe reference 6 curve is presented only to indicate 
that contraction ratios significantly larger than the URJT values have been obtained. 
As a further basis of reference, the short-dashed curve indicates the theoretical 
maximum second-minimum contraction ratios at which a supersonic tunnel can be 
started. References 5 and 6 indicate that the maximum exF-imental starting values 
are equal to or larger than the theoretical values. It would be expected that the 
UPWT variable-geometry diffuser system would operate at values which lie between the 
limits defined by the two dashed curves, but as indicated by the so l rU  line in fig- 
ure 28, the actual running values are smaller than the lowei. limits defined by the 
short-dashed curve. 

Reference 5 presents data which indicate that for the contraction ratios repre- 
sented by the short-dashed curve in figure 28, the required compression ratios are 
about equal to the inverse of the theoretical pressure recovery across a normal shock 
at the test-section Mach number. Since -Lhe UPWT contraction ratios are smaller than 
the short-dashed curve values, the UFWT m-iimum compression ratio at a given Mach 
number should be somewhat larger than the theoretical normal shock values. As a 
matter of general interest, the minimum compression ratios for the long-dashtd curve 
shown in figure 28 vary from about 0.7 of the theoretical normal shock value at 
M = 2.5 t3 about 0.38 at M = 4.0 and 4.5. 

The above discussion has established the general level of the maximum pressure 
recovery (minimum compression ratio) at which the UPWT diffuser system can operate. 
Special tests m u l e  be required to obtain the data to document the actual maximum 
pressure re-overies which are attainable becaase no such data presently exist. 

Actual p4rformance.- During the wind-tunnel operatian, the corrected mass flaw 
at the exit of the diffuser must match the corrected mass P l c w  at which the compres- 
sor system will operate. "he requirements of the compressor system have already been 
presented i? figure 20. The corrected mass flow characteristics of the diffuser exit 
can be ex2ressed by the following equations. b a  units of the constant 241.18 are 
kg/m2 --8ec. 
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At a qiven test-section Mach number and constant operating temperature, the 
vplue of the corrected mass flow leaving the diffuser is proportional to the coat- 
pression ratio pt,TS/ptri,l at which the system is operating. These characteris- 
tics, at typical test Mach numbers, have been superimposed on the compressor system 
characteristics in figure 29. The intersections of the two sets of curves represent 
the match points at which the system must operate. 
achieved by the shock system downstream of the second minimum adjusting its position 
in the diffuser until the necessary total pressure losses are generated. 
wards, as the compression ratio increases at each test-section Mach number, the shock 
systes moves downstream in the diffuser to higher supersonic Mach numbers and higher 
shock losses. The short-dashed curve on the left side of the figure represents the 
compresson ratios which are the reciprocals of the theoretical pressure recoveries of 
the test-section normal shack. As previously discussed, the minimum compression 
ratios at which the UAJT diffuser system can operate are probably somewhat higher 
than the normal shock values. As indicated by the other short-dashed line, the dif- 
fuser is actualiy operating at compression ratio levels which are about 40 percent 
hiyher than the normal shock levels. For the current Mach number range and operating 
procedures of the tunnel, there is obviously no advantage to be gained by attempting 
to improve the performance of the diffuser system because the airflow-matching char- 
acteristics of the tunnel and its drive system dictate that any diffuser system would 
have to operate at the same low levels of performance. 

Physically, this matching is 

In other 

Some further insight into the performance of the diffuser can be obtained from 
the data presented in figure 30. In this figure, data obtained during the study to 
determine the effects of varying the inlet guide-vane position on compressor F have 
been added (solid symbols) to the data presented in figure 29. Data are presented 
for Mach numbers from 2.97 to 3.95 for guide-vane positions of 100, 30, and 60 per- 
cent +en. Heavy broken lines have been faired through the 80- snd 60-perc~nt-open 
data. Four data points at the 100-percent-open position (M = 2.97, 3.21, 3.45, 
and 3.73) are also plotted. No heavy line has been faired tnrough these points since 
they are in very good agreement with the data from the current sc-dy. All the solid 
symbol data were obtained during mode 2-111 operation. During these guide-vane 
efcect studies, the upper Mach number limit of node 2-111 was extended from the 
normal value of 3.72 to 3.95. The higher Mach n - d e r  data show that the diffuser 
system is t.:pable of operation at efficiencies somewhat higher than the levels 
requirea by normal tunnel operations. At a hach ntunber slightly higher than 3.95, 
the f 1 . w  in the diffuser and test section unstartad during operations at the 60- an8 
8 C  .bercent-open guide-vane positions. Unfortunately, the second-minimum positions 
)r these data are unknom, and no significance, as far as diffuser performance is 

concerne3, can be attached to the unstart Mach number. 

=.s 

One last bit of information can be gleaned from the data shown in figure 30. 
The aiinimum value of the first-stage inlet corrected mass flow is 245 kg/sec. Com- 
pressor C processes 37 percent, or 90.7 kg/sec, of this flow. n\is value is 19 per- 
tent 'mer than the minimum value shown in figure 16 snd verifies that the stable 
opcrating range (fig. 17) for the 100-percent-open guide-vane position is at least as 
large as specified by the manufscturer. 
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Potential Performance Improvements 

An improvement in tunnel performance, in terms of energy requirements, will 
probably be achieved with the completion of the installation of a new vacuum pump and 
control equipment that will allow independent pressare control in the bypassing com- 
pressor circuits. This savings can only be realized, of course, if main drive vibra- 
tion problems are not encountered. Additional, but small, bypass power reductions 
may be achieved by operating these compressors at minimum temperature-rise condi- 
tions. This can be accomplished by operating at the minimum attainable inlet temper- 
atures, which will vary with cooling tower pw-formance, and by ofirating at the inlet 

is not obvious from the available data that the lowest temperature-rise ratio occurs 
at the 40-percent-open guide-vane position. For example, in figure 18 at the 
60-percent-open position, the temperature-rise ratio for compressor F is about 0.285. 
In figure 14(d) during bypass operation (40-percent-open position), the temperature- 
rise ratio varies from 0.32 to 0.34. Based on this set of data, less pwer is 
required by operation at the 60-percent-open position. 
also be reduced by operating the compressors at corrected airflow levels which are 
near the minimum values for stable airflow. No data are available to indicate that 
the compressors arc?, or are not, being operated at this condition. 

guide-vane position which produces the smallest temperature-rise ratio ATt/Tt, It 

Finally, the bypass power can 

Complete documentation of the performance of each of the compressors, as well as 
the combined system processing the test-section airflow, as a function of the inlet 
guide-vane position may uncover further procedures by which additional energy reduc- 
ti0r.s may be realized. 
the inlet guide-vane angle, the temperature-rise ratio of some or all of the compres- 
sors driving the test-section air can be reduced without significantly increasing the 
likelihood of an unexpected unstart of the test section during normal test cperation. 
For example, during mode 2-111 operation, compressor F provides the third stage of 
compression and operates (fig. 14(d)) at a temperature-rise ratio of about 0.32 over 
the Mach number range from 3.00 to 3.70. The data of figure 18 indicate that with a 
60-percent-open guide-vane position, the temperature-rise ratio is 0.28 for Mach 
numbers of 3.45 and 3.73 (corrected mass flow values of about 89 and 74 kg/sec, 
respectively). The corresponding energy red ction is 15 percent. During normal test 
operations at a Reynolds number of 6.56 X 10 per meter, compressor F absorbs an 
average of 6 MW over the 3.45 to 3.73 Mach number range (fig. 14(d) 1.  '&e 15-percent 
snergy reduction is equivalent to an overall energy reduction of 900 kWh for each 
hour of compressor F operation. It would appear from the matching data in figure 30 
that compressor F could be operated with the guide vanes at the 60-percent-open posi- 
tion without significantly increasing the likelihood of a test-section unstart during 
normal mode 2-111 test operations. It is, of course, impossible at this time to 
estimate the energy reductions which may be achieved from this type of approach. If 
an overall 5-percent reduction could be achieved from all compressors processing the 
test-section airflow, an energy reduction of about 1 million kWh/yr would result. As 
mentioned above, there is an increased possibility of encountering a tunnel unstart 
by operating with partially closed guide vanes if the overall compression ratio at a 
given Mach number is significantly reduced. However, the possibility of such an 
unstart could be minimized by installation in the tunnel of sufficient static pres- 
sure instrumentation to continuously monitor the position of the normal shock system 
relative to the diffuser second minimum. At the present time, the shock position is 
qualitatively monitored on the basis of the noise emanating from the diffuser section 
of the tmnel. 

Analysis of such information may indicate that by reducing 

B 
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CONCLUDING RBMARKS 

A broad program to reduce the energy consumption of the Unitary Plan Wind Tunnel 
was initiated in 1973. As a part of this program, a study was made to determine if 
potential metho& for increasing the operating efficiencies of the tunnel could be 
formulated. Ihe study was conducted by determining the performance characteristics 
of the drive systems components and then analyzing the overall performance of the 
wind-tunnel system. 

With the current (1977-1981) operating procedures, the power input to the test- 
section airflow is from 50 to 85 percent of the power input to the drive system. A 
major portion of the excess power is absorbed by the drive system compressors which 
are operating in a bypass mode to match the test-section airflow requirements in the 
Mach number range from 1.46 to 3.00. By late 1981, mechanical and control system 
improvements shourd allow the bypassing compressors to be operated at lowrr pressures 
if no adverse effects on main drive vibrations occur. 
the average energy requirements of the tunnel by as much as 10 percent. Additional 
small reductions in energy may be attainable by optimizing the compressor inlet 
guide-vane positions for both normal and bypass operation. 

%is improvement could reduce 

The operating-pressure-ratio characteristics of the tunnel are high relative to 
what should be attainable with an efficient variable-geometry diffuser system. These 
high pressure ratios are forced on the system by the airflow-tching characteristics 
of the test section and compressor system. Consequently, there is very little justi- 
fication for attempting to improve the performance of the existing diffusers. 

Langley Research Center 
National Aeronautics and space Administration 
Hampton, VA 23665 
August 7, 1981 
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APPENDIX 

DERIVATION OF MASS FLOW EQUATION 

The basic mc.8 flow equation is 

w = pAV 

Writing t h e  densi ty  p and the  ve loc i ty  V as funct ions of static pressure and 
static temperature gives  t h e  equation 

w = ~ A M ~ .  10 3 
RT 

The s ta t ic  pressure and t h e  static temperature can be expressed at: ratios t o  stagna- 
t i o n  condi t ions by dividing and multiplying by pt and Tt as follows. 

Since 

T 1 

Y = 1.4 for a i r  

by subs t i t u t ion ,  

2 ) O o 5  
x l o 3  w = E A M -  Pt (1 + 0.w 

6 (1 + 0.2M 
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From reference  7 ,  equation (80),  

( d3 
A 125 1 + O . 2 M  1 - = -  
A* 216 M 

Therefore, 

f .  
M 25 

16 ( A  
-- - 

'A* ) 

By s u b s t i t u t i o n ,  

S ince  R = 287.05 J/kg-K for air,  and as noted above, y = 1.4 

where the  constant 40.41 has  u n i t s  of kg-K1l2/N-sec, and t h e  mass f low 
expressed i n  kilograms per second. 

w is 
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TABLE 1.- COMPRESSOR INLET STAGNATION PRESSURE M3ASUREMENTS 

L Operating 

1-IA 

1-11 

2-11 

2-111 

2-IV 

Test- 
section 
Mach 
number 

1.50 
1 e65 
1.80 
1.95 
2.16 

2.35 
2.50 
2.65 
2.80 
2.85 

2.30 
2.35 
2.50 
2.65 
2.80 
2.96 

3.00 
3.15 
3.30 
3.45 
3.60 
3.70 

3.85 
4.00 
4.15 
4.30 
4.45 
4.60 

Test- 
section 

stagnation 
pressure 

kPa 

39.98 
41.70 
43.81 
46 68 
51-36 

56.79 

65.93 
71.39 
73.93 

54.97 
56 40 
60 -95 

61.05 

65.98 
71 -63 
77.81 

79.53 
86.14 
93.18 
100.8 
108.8 
114.3 

131.1 
141.3 
152.1 
163.0 
175.0 
187.1 

Compressor inlet stagnation pressure, 
W a  - 

I 

23.22 
22.46 
22.26 
23 03 
24 95 

- 

22.50 
21 e 12 
19.97 
19.54 
19.69 

23.70 

21.83 
23.22 

20.64 
19.73 
19.63 

17.67 

15.56 
16.57 

14.70 
14.27 
14.17 

- 

4 E 
23 32 
22.70 
22.46 
23 22 
25 23 

22.70 
21 e40 
20.11 
19.73 
19.87 

23 -94 
23.51 
22 07 
20.83 
19 -97 
19.83 

17-81 
16.76 
15.66 
14.84 
14.46 
14.32 

14.70 
13.74 
12.78 
1 1  697 
11.25 
10.87 

44.62 
42.13 
39.69 
38 -93 
39.41 

47.35 
46.25 
43.57 
41.13 
39.55 
39 69 

34.95 
32.80 
30 69 
28.97 
28 25 
28 30 

28.68 
26.77 
24.80 
23 27 

21.02 
21 .a8 

F 

50 42 
48.65 
48 79 
49.65 
52.14 
54.44 

56.16 
52 29 
48 50 
45.34 
42 90 
41.70 

G 

116.0 
108.4 
100 - 4  
93 80 
88 67 
86.23 
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TABLE 11.0 INLET STATIC PRESSURE MEASUFSMENTS 1WR COMPRESSORS ON BYPASS 

Operating 
mode 

1-IA 

1-11 

2-11 

2-111 

2-IV 

I. 

Test- 
section 
Mach 
number 

1.50 
1.65 
1 a80 
1 e95 
2.16 

2.35 
2.50 
2.65 
2.80 
2 e85 

2.30 
2.35 
2.50 
2.65 
2.80 
2 -96 

3.00 
3- 15 
3.30 
3.45 
3.60 
3.70 

3.85 
4.00 
4.15 
4.30 
4.45 
4.60 

Test- 
section 

stagnation 
pressure, 

kPa 

39 98 
41 e 7 0  
43.81 
46 68 
51.38 

56 79 
61.05 
65 93 
71.39 
73.93 

54.97 
56.40 
60.95 

71.63 
65 98 

77.81 

79.53 
86.14 
93.18 
100.8 
108.8 
114.3 

131.1 
141 -3 
152.1 
163.0 
175.0 
187.1 

Compressor inlet static pressure, 
kPa 

I 

18.19 
16 95 
15.70 
14.75 
13.84 
13.36 

E 

57 50 
55 64 
55.83 
57.17 
57 36 

F 

53.00 
53.10 
54.49 
53.39 
53.29 

59 52 
59.37 
58 89 
58.65 
58.65 

55.78 
55 78 
55.64 
55.59 
55.49 
55 049 

G - 
48.31 
48.31 
48.55 
48.55 
48.31 

46 83 
46 83 
46 88 
46.73 
46 83 

47.59 
47.35 
47.31 
47.21 
47.16 
47.16 

44 86 
42.61 
(1.80 
10 70 
39.74 
38 88 



TABLE 111.- COMPRESSOR INLET STAGNATIQN TEMPERATURE MEASUREMENTS 

- 

Operating 
mode 

1 -1A 

1-11 

2-11 

2-111 

2-IV 

- 

Test- 
section 
Mach 
number 

1.50 
1.65 
1.80 
1.95 
2.16 

2.35 
2.50 
2.65 
2.80 
2.85 

2.30 
2.35 
2.50 
2.65 
2.80 
2 s96 

3.00 
3.15 
3.30 
3.45 
3.60 
3.70 

3.85 
4.00 
4.15 
4.30 
4.45 
4.60 

Test- 
section 

stagnation 
temperature, 

K 
~ 

339 
339 
339 
3 39 
339 

339 
3 39 
339 
3 39 
339 

339 
3 39 
3 39 
339 
339 
339 

339 
339 
339 
339 
339 
339 

353 
353 
353 
353 
353 
353 

Compressor inlet stagnation tempera:.ure, 

I 
~ 

299 
299 
299 
299 
299 

300 
300 
30 1 
300 
30 1 

303 
302 
302 
30 1 
300 
299 

303 
30 : 
304 
305 
304 
304 

318 
311 
31 1 
312 
312 
312 

K 

, I E  
296 296 I 
296 
296 
297 

297 
297 
298 
298 
298 

30 1 
299 
299 
298 
298 
297 

30 1 
30 1 
302 
303 
302 
302 

303 
302 
302 
303 
302 
302 

3 I h  
16 
'6 
6 

304 
304 
306 
306 
306 

311 
31 1 
3.1 
31 1 
310 
309 

31 1 
312 
3 12 
312 
313 
312 

315 
316 
315 
3 16 
3 16 
316 

F 

304 
304 
304 
3 34 
302 

504 
304 
304 
305 
306 

:14 
314 
314 
313 
313 
313 

314 
315 
315 
315 
315 
3 14 

316 
316 
315 
3 16 
3 16 
3 16 

G 

3c7 
307 
307 
307 
296 

338 
306 
308 
308 
308 

312 
3 12 
31 1 
311 
311 
309 

313 
3 13 
313 
31.1 
3 14 
3 14 

316 
3 16 
3 16 
3 16 
3 16 
3 16 
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Figure 1 . -  Summary of electrical energy used by the Langley Unitary Plar. 
kind Tunnel. 
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Four temperature probes 
a t  90° i n  each se t  

(b) Compressor G. 

Figure 9.- Concluded. 
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Figure 11.- Variation of test-section sidewall boundary-layer 
displacement thickness with Mach number. 
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Figure 13.- Curve for evaluating duct Mach number from known duct 
parameters Ag, p, Tt, and w. 
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Figure 14.- Measured performance of compressors. 
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Ficpire 14.- Continued. 

45 



CR 

2.2 

1. a 

1.4 

1 0  

1 3 4 5 

MTS 

(d) Compressor F. 

Figure 14.- Continued. 

46 



P. MW 

CR 

2.6 

2 .2  

1.8 

1.4 

i o  

.. 

w \ t12 
-. -. - .. 

..... 
.... 

.... .... . . . .  . . .  ..... ...... .... .. i ._. i .... i. ._ i . .  : . . . . . .  ..:. - ___ . . . . . . . . . . . . . . . . . .  
1 2 3 4 5 

( e )  Compressor G. 

Figure 14.- Covcluded. 

47 



0 
0 
7 

0 
LC 

0 

W 
‘0 

L O  
O E  
VI 
a m  
L .5 
5 2  
nu 

n v w  
0 

0 
0 
N 

0 In 
c 

0 
0 
c 

0 
In 

0 

u 
W 
Y, 
\ 
m 

. w 
m 
& 
0 
(R 
m 
e 
2 
8 

I 

m 
l- 

o, 
k 

-4 
t, 

48 



0 0 

c. 
4 
I 
N 

0 

U 
U 
+I 
I cu 

6 

N .  ~ . '  I 

....... . . . .  . . . . . .  

0 
0 
c 

0 0 
U-J 

, .- 
,- 

. u 
a 
c a 
H 

m 
k 
0 
m 
m 
9) 
Lc 

B 0 
(u 
0 
m 

a 
c m 
m 
0 
-4 
JJ a 
k 

C 
0 
4 
m 
m 
Q 
k a 
V E 
! 
2 
0 

i 
-4 
rL4 

49 



rl. 

100 

50 

4- 

Manufacturer's specified psrformarce for C and E 

Manufacturer's specified stall line f o r  C and E 

Neasured performance of  C 

Measured performance o f  E 

Manufacturer's design point for C and E 

CR 

0 50 100 150 200 

( a )  Compressors C and E. 

Figure 17.- Comparison of measured compressor perfcrmances wi th  
manufacturer's specifications. 
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Figure 17 .- Concluded. 
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Fiqdre 19.- Overall and incremental compression . atio pcrformance of 
UPWT ccxpressor system. 
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Figure 20 .- Overall compression tat10 performance of the compressor system. 
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Figure 21 . -  Comparison of i n l e t  and discharge presrures of compressors. 
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( a )  Relationship between discharge Mach number and corrected duct 
i n l e t  mass flow per unit  area. 
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Figure 22 .- Total presure l o s s e s  i n  ducting downstream of compressor d ischaige .  
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